Background/aims: Age related macular degeneration (AMD) is a complex disorder leading to loss of central vision, and identification of risk factors associated with susceptibility to AMD has been a key objective for ophthalmic genetics research for almost a decade. This association study has examined genetic polymorphisms in 12 candidate genes as possible risk factors for predisposition to the development of the exudative variant of AMD in a Northern Irish population. The choice of genes was based on their function in the breakdown of industrial pollutants, cigarette smoke, defence against oxidative stress, or involvement in the general ageing process. Methods: Up to five single nucleotide polymorphisms (SNPs) were typed for CYP1A1, CYP1A2, CYP2E1, CYP2D6, EPHX1, MnSOD, AhR, NAT2, CAT, GPX1, PON1, and ADPRT1 by multiplex snapshot single base primer extension method. Genes showing high linkage disequilibrium (LD) between SNPs were analysed by haplotype analysis. Genes showing low LD were assessed using individual SNPs based on genotypes.
Results: After correction for number of genes/SNPs tested, no significant association with AMD was found although several genes merit further investigation. This study suggests that a coding SNP in EPHX1 (Y113H) may be important in AMD and supports a previous observation of an association with exudative AMD. In addition, haplotype analysis highlighted ADPRT1, CYP2D6, and AhR as worthy of further study.
Conclusion:
This study has identified a number of genes requiring further investigation including EPHX1, ADPRT1, CYP2D6, and AhR.
A ge related macular degeneration (AMD) is now recognised as the most common cause of acquired visual impairment in people over 60 years of age, and is estimated to affect up to 25 million individuals in the Western world. The problem will be compounded by demographic changes which suggest that the number of people aged over 60 will triple from some 600 million worldwide in 2000 to nearly two billion by 2050, with the United Kingdom predicted to have about 16 million people over the age of 60 by 2040. 1 The current understanding is that AMD represents a multifactorial disorder involving environmental and genetic factors. Familial aggregation, segregation, and twin studies have clearly established that genetic predisposition has a role in the aetiology of AMD. 2 It is assumed that multiple genes are involved, although the number of those has not been reliably estimated nor the contribution of each to the disease. As in other complex traits, the extent of genetic heterogeneity cannot be estimated easily so that the influences of many genes and their interactions are difficult to ascertain even in individual families. A number of environmental risk factors have been shown to be associated with the disease. These include smoking, hypertension, diet, lifetime exposure to sunlight, sex, and iris colour. Thus, AMD can be considered to be a complex trait where genetic studies are confounded by its late onset, reduced penetrance, and genetic heterogeneity.
Considering that environmental effects may be under genetic control, we have investigated the role of polymorphisms in genes encoding enzymes involved in detoxification of reactive oxygen species that are produced from the breakdown of industrial pollutants including cigarette smoke. A number of genes involved in the first line of defence against oxidative stress such as catalase (CAT), manganese superoxide dismutase (MnSOD or SOD2), glutathione peroxidase 1 (GPX1), and paraoxonase 1 (PON1) as well as several cytochrome P450 gene superfamily members (CYP) have been typed for several common single nucleotide polymorphisms (SNPs) in a Northern Irish population with exudative AMD and a population based control sample.
SUBJECTS AND METHODS

Sample recruitment
Subjects with exudative AMD were attendees at the ophthalmology clinics at the Royal Victoria Hospital, Belfast, Northern Ireland, between 2001 and 2002. All subjects were 50 years of age or older and had a confirmed diagnosis of exudative AMD in at least one eye, which was based on angiographic assessment performed in the fluorescein angiogram reading centre at Queen's University Belfast. Whole blood from participants was obtained through venepuncture after informed consent was given. Control subjects were participants in the EUREYE study, a population based random selection of subjects over the age of 65 who were resident in Northern Ireland during the recruitment period (2001-2), and had provided informed consent for use of their DNA for studies on ageing and vision. Control subjects were selected on the basis of fundus grading which showed absence of any drusen or pigmentary irregularities. Ethical approval for this project was obtained from the local research ethics committee and the study adhered strictly to the tenets of the Declaration of Helsinki on the participation of human volunteers in clinical studies.
Candidate genes, SNP selection, and validation CYP1A1, CYP1A2, CYP2D6, CYP2E1, epoxide hydrolase 1 (EPHX1), SOD2, aryl hydrocarbon receptor (AhR), n-acetyl transferase 2 (NAT2), CAT, PON1, GPX1, and ADP-ribosyltransferase 1 (ADPRT1) were selected for investigation.
Coding SNPs (cSNPs) and non-cSNPs with minor allele frequency of 15% were amplified by polymerase chain reaction (PCR) and validated by sequencing, using standard methodology. Thereafter, multiplex PCR assays were designed for each gene to amplify up to four amplicons (Qiagen). Snapshot primer extension (ABI) was used for SNP genotyping.
Statistical methods
Having first checked Hardy-Weinberg equilibrium using the x 2 goodness of fit test, the x 2 test for contingency tables or Fisher's exact probability test was used to compare allele frequencies between cases and controls. These comparisons were conducted using a p value threshold of 0.001 to allow for the numbers of analyses considered. Haplotype frequencies were estimated using the EM algorithm as implemented in the Arlequin program. 3 The resulting estimates in cases and controls were then compared using a likelihood ratio x 2 test statistic but with significance assessed empirically using the FastEHPlus software. 4 An empirical p value is obtained by comparing the observed test statistic to its permutation distribution, which was approximated by 10 000 random permutations of the case/control labels. Haplotype comparisons were conducted using a p value threshold of 0.005 to allow for the number of analyses considered. The extent of linkage disequilibrium between pairs of SNPs was quantified using Lewontin's D9 value. 5 For rare alleles our study was of sufficient size to have 80% power to detect a 15% difference in allele frequencies between cases and controls (for example, allele frequencies of 20% versus 5%) as statistically significant using the reduced level of significance (p,0.001), which makes allowance for multiple comparisons. For more common alleles the study still had 80% power to detect a rather larger 20% difference (for example, allele frequencies of 40% v 20%) using the same level of significance.
RESULTS
A total of 94 cases and 95 controls were analysed for all the genes, with the exception of ADPRT1 which numbered 162 cases and 188 controls. Average age of cases was 76.6 years and that of controls 78.8 years. Cases represent end stage exudative AMD and controls presented no abnormal macular features. Cases were 61.8% female/38.2% male, whereas controls reflected equal numbers of males and females.
Twelve genes were analysed with up to five SNPs (40 SNPs/ 7520 genotypes; typed, indicating that the entire gene was contained within a single haplotype block. For ADPRT1, SOD2, AhR, CAT, and NAT2, three common haplotypes accounted for over 90% of the possible haplotypes, which was further evidence for LD. These genes were assessed on the basis of common haplotype frequencies which improved the robustness of this association study. In all of these genes no significant differences in haplotype frequencies were found (p .0.05) (table 2). The figures do not include a correction for the number of genes examined. The second group of genes (CYP2E1, PON1, and EPHX1) had low D9 values reflecting low LD between SNPs within each gene and indicated that more than one haplotype block was observed. For these genes assessment of haplotypes was inappropriate and hence analysis was based on comparison of individual SNPs (table 3) . Three SNPs in the EPHX1 gene showed p values below 0.05, one of which was located in the coding region (Y113H). Genotype frequencies in the CYP2E1 and PON1 were not significantly different in cases and controls.
DISCUSSION
Previously association studies have examined individual SNPs within candidate genes as risk factors for the development of AMD usually by assessing cSNPs for differences in allele frequencies. A major caveat with all these studies is their small size, and lack of replication makes conclusions less robust.
The aim of our study was to examine candidate genes likely to be important in the protection against oxidative stress which may be an important mechanism in the development of AMD. Initial haplotype analysis of the ADPRT1 gene produced a significant finding (p = 0.006) with one haplotype (''1111'') being more common in the control group inferring a protective effect similar to that reported for the ACE gene. However, on replication in a separate group of cases and controls the trend was reversed (p = 0.186). The results presented for ADPRT1 (p = 0.042) represent pooled data for both groups. This gene encodes a chromatin associated enzyme ADP-ribosyltransferase which is induced by the presence of DNA strand breaks. It has a role in DNA repair and the recovery of cells from DNA damage. A positive correlation has been found between ADPRT1 and lifespan, with human cells displaying about five times the activity of rat cells. 6 The function of ADPRT1 in maintaining genomic stability and its potential involvement in the ageing process was the basis for its selection as a candidate gene in the development of AMD, which is essentially a degenerative disorder associated with ageing. ADPRT1 retains some interest as an AMD susceptibility factor, but our results clearly illustrate the importance of replication of data. Initial positive associations in small studies need to be viewed with caution.
Haplotype analysis suggests that AhR and CYP2D6 may also warrant further investigation. The effect of many cytochromes is mediated by aryl hydrocarbon receptor (AhR) which is a ligand activated transcription factor involved in the regulation of biological responses to planar aromatic hydrocarbons. The protein product of CYP2D6 localises to the endoplasmic reticulum and is known to metabolise as many as 20% of commonly prescribed drugs.
Significant uncorrected p values were shown for three SNPs in the EPHX1 gene, one of which is a cSNP (Y113H). Y113H was shown to decrease in vitro activity of epoxide hydrolase by 40% 7 and also to be weakly associated with wet AMD in a Japanese population. 8 The tyrosine allele frequency in their patients was significantly higher than controls with an odds ratio of 1.43 and a p value of 0.034. This is in contrast with our findings of a lower tyrosine allele frequency in cases (p = 0.013). Our D9 values between SNPs suggest that EPHX1 is contained in more than one haplotype block. Increasing the number of SNPs typed (together with larger sample sizes) would reveal the block structure and enable a more robust haplotype analysis to determine whether this gene is an important genetic determinant of AMD.
CYP1A1 and CYP1A2 have both been implicated in other studies. [9] [10] [11] The most strongly associated variants were not detected in our population, and we found no association with either gene suggesting that neither is a major susceptibility factor for AMD Superoxide dismutase 2 (SOD2) or manganese superoxide dismutase (MnSOD) gene encodes an intramitochondrial free radical scavenging enzyme, which is the first line of defence against superoxide produced as a byproduct of oxidative phosphorylation. A cSNP (V16A) in this gene has been shown to be associated with wet AMD in a Japanese study. 12 We assessed the same cSNP and two other intronic SNPs but were unable to demonstrate significant differences between cases and control (p = 0.707). We therefore contend that SOD2 is unlikely to play a part in development of exudative AMD.
Paraoxonase is a Ca 2+ dependent glycol protein that is associated with high density lipoprotein, and polymorphisms in this gene have been reported to be potential risk factors for wet AMD. 13 A positive association between wet AMD and two coding SNPs (L55M and Q192R) was observed in conjunction with increased levels of plasma oxidised low density lipoprotein levels. The potential significance of these SNPs in the pathogenesis of diabetic retinopathy in insulin dependent diabetes mellitus has also been investigated and similar results obtained for the L55M polymorphism. Owing to the low D9 value between SNPs, this gene was analysed on a genotype basis with the above mentioned cSNPs as well as two additional intronic SNPs. In contrast with previously published data, no significance was observed for any of the four SNPs and therefore larger studies using a more comprehensive subset of SNPs will be necessary to determine the true role, if any, of PON1 in AMD pathogenesis.
In conclusion, our study has assessed a number of important candidate genes that have either been previously reported to be associated specifically with wet AMD or could potentially have a role in the pathogenesis of this degenerative disorder. Assessment of genes has been based either on haplotype analysis or on several individual SNPs of genes composed of more than one haplotype block. Larger numbers of genotypes have been carried out per gene than in earlier studies, improving confidence in observed results. With the aid of the multiplexing snapshot genotyping platform many SNPs have been assessed in over 180 cases and controls. While our AMD cohort is larger than many previously reported in similar association studies, we recognise that it lacks sufficient power for definitive identification of minor susceptibility factors. We can however support one previous association study in relation to the EPHX1 gene while being unable to support others such as PON1. We also have evidence to suggest that ADPRT1, CYP2D6, and AhR may have a minor role in AMD susceptibility, and can recommend them for further study. We have determined the haplotype 
